Background: Hydroponic growth systems are a convenient platform for studying whole plant physiology. However, we found through trialling systems as they are described in the literature that our experiments were frequently confounded by factors that affected plant growth, including algal contamination and hypoxia. We also found the way in which the plants were grown made them poorly amenable to a number of common physiological assays. Results: The drivers for the development of this hydroponic system were: 1) the exclusion of light from the growth solution; 2) to simplify the handling of individual plants, and 3) the growth of the plant to allow easy implementation of multiple assays. These aims were all met by the use of pierced lids of black microcentrifuge tubes. Seed was germinated on a lid filled with an agar-containing germination media immersed in the same solution. Following germination, the liquid growth media was exchanged with the experimental solution, and after 14-21 days seedlings were transferred to larger tanks with aerated solution where they remained until experimentation. We provide details of the protocol including composition of the basal growth solution, and separate solutions with altered calcium, magnesium, potassium or sodium supply whilst maintaining the activity of the majority of other ions. We demonstrate the adaptability of this system for: gas exchange measurement on single leaves and whole plants; qRT-PCR to probe the transcriptional response of roots or shoots to altered nutrient composition in the growth solution (we demonstrate this using high and low calcium supply); producing highly competent mesophyll protoplasts; and, accelerating the screening of Arabidopsis transformants. This system is also ideal for manipulating plants for micropipette techniques such as electrophysiology or SiCSA.
Introduction
Arabidopsis thaliana (L.) Heynh. (Arabidopsis) has been adopted as a model plant of choice in many laboratories for a variety of reasons. These include a brief life cycle, a small and well-annotated genome, its amenability to tissue culture, the limited cell-layers per cell type (for developing roots), the availability of natural diversity sets and targeted mutants, and the ease at which it can be genetically transformed [1] . The diminutive stature and rosette growth habit of Arabidopsis also means that it does not require a large area to cultivate. At the same time, the size of Arabidopsis has presented considerable challenges for those wanting to perform physiological measurements on intact plants such as gas exchange, hydraulic conductance, or for obtaining single-cell parameters such as turgor pressure and membrane potential. To benefit from the vast molecular resources of Arabidopsis, physiologists have had to adapt measuring equipment and assays to the microscale; these technological challenges have curtailed the use of Arabidopsis as a tractable physiological model [2] . In order to perform such assays whilst providing a flexible experimental platform for manipulation of both the shoot and root environment, the use of hydroponics for research purposes has become common.
Hydroponics, as a convenient means for studying plants in the laboratory and for growing commercial crops, was a term first coined by William F. Gericke in 1929, yet it is a documented technique dating back to the late 17 th century [3, 4] . Its advantages include the potential for accessibility to all plant tissues and the easy manipulation of the nutrient profile of the growth medium when compared to soil, given the complex interaction of ions with soil particles. Agar or phytagel plates share these advantages but the opportunities for physiological experimentation using this system are limited as seedlings can only be grown for about 2 weeks on plates and plants transpire very little meaning that sucrose is commonly included as a carbon substrate and aseptic culture must be used. A disadvantage of both hydroponics and agar plates is that many species have a different root morphology when compared to soil, including a lack of root hairs, although this is not the case for Arabidopsis [5] . Various hydroponic systems have been developed for the growth of Arabidopsis independently in several laboratories reflecting their need and utility; Araponics © , is an example of a commercially available system [6] . Other hydroponics systems described in the literature have often been designed with a specific purpose in mind, and as a result have not been tested in terms of the ease at which various experimental parameters can be assayed (refer to Table 1 for advantages and disadvantages of each method). Whilst trialling these methods in our laboratory we identified several key limitations with these systems as they are documented in the literature, including: (1) the use of a small holding tank (up to 1 L) to hold the growth solution, reducing scalability [7, 8] ; (2) the need to sterilise parts of the set-up [8, 9] , which lengthened and complicated the procedure; (3) the use of rockwool or sponge [7, [10] [11] [12] , which prevented access to the full root system and predisposed the apical meristems to flooding; (4) the use of specialised materials such as a prefabricated seed holder, which increased cost [13] ; and the need to transfer plantlets between multiple growth environments [14, 15] . While each methodology possessed strengths and was designed to suit its endpoint analysis, we sought to streamline the entire process and provide a universal and fully adaptable system.
One common and significant problem associated with aggregate hydroponics growth systems is the algal contamination of the culture medium [16] . This can occur in the tank, and particularly on rockwool or agar-based plugs, or the plant roots and shoots, due to the use of non-sterile phosphorous-rich medium and the exposure of these components to light. This becomes a problem for physiological studies as algal growth can reduce root nutrient uptake efficiency, plant growth, perturb the composition of the growth solution (nutrients, pH) and induce significant changes to the plant global transcriptome and proteome [16] [17] [18] . For this reason alone it is important that hydroponic systems avoid illumination of the growth media if they are to be used in physiological studies.
A major driver for developing this hydroponics system was to be able to manipulate Arabidopsis plants for a variety of assays including single cell sampling and analysis (SiCSA), which requires live plants to be fixed to a flat, hard growth surface [19] [20] [21] [22] . The following system allowed us to sample single cells easily for both molecular and ionomic interrogation (the methodology for molecular analysis is outlined in [22] ); it would also be ideal for micropipette techniques such as turgor measurement and electrophysiology. After considerable iterative development we present this simple, inexpensive, flexible and robust hydroponics system for the cultivation of Arabidopsis (and other plants), which addresses the above considerations and streamlines the methodology to allow other laboratories to adopt this procedure. In addition, we document how to adapt physiological measuring equipment to this hydroponics system and present some analyses of Arabidopsis plants grown in this hydroponic set-up. These comparisons show that the hydroponic system produces plants with equivalent growth rates to soil-grown plants but provides more flexibility for applying many physiological and molecular analyses of the plant tissues.
Materials

Reagents
Agar, plant cell culture tested (e.g. Sigma, A7921) Nutrient solution stocks (see Additional file 1 for detailed description of growth solutions). 
Equipment setup
Mature plant tank
Remove the conical base from the 50 mL centrifuge tubes using a hacksaw or band saw, and smooth the cut edges with a metal file to prevent future root 
Protocol
The general workflow for the Arabidopsis hydroponics system is summarised in Figure 1 , Additional File 2, with stepwise written instructions below and is further outlined in a tutorial video (http://www.youtube.com/watch?v=c9neV LaS63c). The total cost to completely establish this system, at current prices, is up to five times less than commercially sourced systems. The ability to reuse the majority of the components further reduces the expense of the system.
Preparing germination lids
1. Prepare 100 mL of germination medium (GM) (recipe Additional file 1) in a autoclavable bottle and add 0.7 g agar (final conc. 0.7% w/v), autoclave and cool slightly. The solution can also be microwaved to dissolve the agar as aseptic culture is not required. 2. Using a leather punch or hypodermic needle, bore a single 1.2 -1.8mm diameter hole into the centre of a black microcentrifuge tube lid.
NOTE: This design is essential to limit light penetration into the culture medium and in so doing abolishes algal growth and minimises evaporation/water loss from the hydroponic tanks. CRITICAL POINT: The hinge of the microcentrifuge lid can be used for easy manipulation of plants with tweezers.
CRITICAL POINT: Ensure the lids are filled such that there is a dome of GM-agar for each lid, but avoid overflowing as this may cause the lids to sit askew in the germination tank. If the solution escapes through the lid hole, either allow media to cool (55-60°C is ideal) or supplement with additional media.
NOTE: Once finished, the residual GM-agar can be stored at 4°C for 1 month and reused by melting in the microwave as required.
Invert lids into floating racks with the agar plug in
contact with liquid GM to create the functional seed/ seedling/plant holder.
NOTE: Prefabricated 34 cm diameter pizza crisper trays, containing over three hundred holes of 11 mm in diameter, can be used to hold larger batches of plants. We found it essential that each of the microcentrifuge tube lids sat snugly enough in the holding tray to prevent light penetration into the GM, but loosely enough so they could be easily removed and transferred to another container when required.
Germinating seedlings
5. Using a moistened toothpick, place up to three seeds in the hole of the lid on the agar surface to maximise chances of seed germination. Then, cover the entire container with plastic clingfilm to enhance humidity, leaving at least 10 mm above the plant for growth. Stratify seeds in the dark at 4°C for at least 48 h. 6. Transfer the germination tank into growth cabinets under a 8:16 h, light:dark cycle, with 55% atmospheric humidity, at 22°C and an irradiance of 150 μmol photons m -2 .s -1 at the plant level. Under these conditions, the roots of these seedlings emerge from the agar plug after 4-7 days. 7. At this stage thin down to a single plant per lid and replace the bath solution incrementally from GM to a standard growth solution (in our case, a modified ¼ Hoagland's solution, hereafter referred to as BNS, refer to Additional file 1 for recipe). On day 1 of the solution change, 1 / 3 of the GM was replaced with BNS. On day 2, 50% of the existing solution was exchanged with BNS and on day three the entire solution was replaced with BNS. 8. After day 14, puncture holes in the clingfilm to decrease humidity and then remove completely after day 17.
CRITICAL POINT: Do not allow agar plugs to dry out at this stage, this is rarely a problem if using floating racks but it is extremely important to keep the solution level topped up if using pizza or equivalent trays to germinate the seedlings. CRITICAL POINT: These holders permit access for the roots to the whole growth media but prevent root entanglement for up to~7 weeks when grown under short (8 h:16h) photoperiod (Figure 1) .
NOTE:
If not all 48 plant tubes are filled with plants, unused holes must be covered to exclude light from the growth solution. Use 50 mL centrifuge tube lids without holes or place an intact lid or base of a black microcentrifuge tube within the 11 mm hole if present, or use large pieces of aluminium foil wrapped in plastic clingfilm to cover multiple holes simultaneously.
NOTE: Plants can remain in these 13 L tanks, each holding 48 plants, with weekly solution changes until analysis. After~3 days in these larger tanks the agar plug dries to form a thin film that separates itself from the root system. This occurs because the agar plug no longer is in contact with the growth solution when the plant holder is placed in the hydroponic tank. As such, this permits full access to the whole of the shoot and/or root system. The plant holder provides a useful handling tool for transferring the seedling to experimental chambers or different solutions, whilst limiting mechanical stress, but could be removed from the plant by cutting the plastic lid in half. This is particularly useful for imaging whole plants for reporter localisation studies.
Sample results
Plant growth and seed collection
Plant growth and development are dynamic processes that can be perturbed by a number of biotic and abiotic factors, including nutrient availability, oxygenation of growth solutions, prevalence of microorganisms, humidity and air temperature [23] . A number of measurements were made to ascertain the physiological state of plants grown in our hydroponics system. Under both soil and hydroponic conditions using the BNS growth solution, plants had vibrant green colouration (total chlorophyll content of 5-week old hydroponics plant leaves was 12.5 ± 0.4 μg.mg-DW -1 (mean ± SD) while soil-grown leaves had 12.6 ± 0.6 μg.mg-DW -1 (n = 12), both with approximately 2.5:1 of Chla:Chlb), and possessed the same growth rates throughout the vegetative growth cycle (3-7 weeks) (Figure 2A) . The germination rate of plants grown hydroponically was 5-18% higher than on soil (supplemented with seed raising mix for 20 lines tested), with the greatest increase seen for the cax1-1/cax3-1 T-DNA insertion line [24] . Once siliques were filled, plants were wrapped in clear, perforated plastic bags and transferred into tanks containing~2 L water to avoid salt formation on roots, to avoid mould growth and to hasten drying. Siliques dried upon evaporation of the water, with the isolated seeds possessing from 90-100% germination efficiency and unaffected leaf ionomics profile compared to the previous generations (data not shown).
Transient protoplast transformation
A number of studies on promoter responsiveness, cellular localisation and protein-protein interactions can be undertaken in Arabidopsis protoplasts, rather than using the whole plants. Yoo et al. [25] presented a technique for transient expression of genes in protoplasts isolated from Arabidopsis mesophyll cells. We trialled a modified version of this protocol on protoplasts isolated from plants grown in soil or our hydroponics system, to detect expression of a cytosolic sGFP encoded on both a small vector (4 kb) and a large vector (12 kb), and quantifying the proportion of GFP-positive cells. The transfection efficiency of protoplasts derived from hydroponically-grown leaves was consistently higher than that of those derived from soil-grown plants, at least 2-fold higher for the 12 kb vector and 8-26% higher for the smaller vector, depending on DNA input ( Figure 2B ). Furthermore, as expected, we observed that the transformation efficiency of the larger vector was lower regardless of growth regime. However, for the hydroponically grown plants at least, the rate was sufficiently high at 14-20% to be used as a screening tool for specific applications like subcellular localisation of large membrane transporters. No difference was observed in the average size of protoplasts between methods, or the intracellular localisation of sGFP, yet the total yield of mesophyll protoplasts was consistently 15% above those from soil-grown plants, in part due to more uniform growth enabling the harvest of healthy leaves at consistent stages of development. Combining this higher yield and higher transformation rate, this constitutes an optimised approach for the study of many processes in protoplasts.
Plant nutrition and transcriptional response
We tested a number of plant growth solutions and found that a modified ¼ Hoagland's solution (BNS) was a simple, defined and affordable media, which supported good plant growth and similar nutrition to plants grown in soil obtained from the largest public dataset for Arabidopsis ionomics, the PiiMS database (http://www.ionomicshub. org) ( Table 2 ). Note that the PiiMS soil-grown plants were fed ½-strength Murashige and Skoog (MS) medium. As a result of previously observing growth retardation and stress phenotypes associated with full strength growth solution (i.e. Gamborg's, Hoagland's or MS) we used the more dilute BNS media, as it was sufficient to provide adequate and reproducible growth. The flexibility afforded by creating the growth solution from individual components allowed manipulation of certain nutrients either separately or in combination in order to investigate nutritionassociated genotypes or phenotypes of different Arabidopsis ecotypes or mutant lines [19] [20] [21] . The basic recipe plus those with altered (increased or decreased) concentrations of potassium (K), sodium (Na), calcium (Ca) [19, 21] and magnesium (Mg) [20] can be found in Additional file 1. In each of these solutions the concentrations of multiple components were altered to keep the activity of most ions the same despite a significant change in the one or two of the ion species. This was performed using the ion activity calculator program vMinteq (KTH) to investigate, as far as possible, ion-specific treatments [19] [20] [21] .
The ability to isolate the entire root and shoot tissues of plants also enabled quantification of the transcriptional response to altered elemental concentrations in the growth Figure 2 Comparisons of Arabidopsis shoot growth kinetics and protoplast transformation efficiency between soil and hydroponics system. A) Shoot biomass during vegetative growth phase of Arabidopsis Col-0 is equivalent between soil-grown and hydroponically-grown plants under short-day photoperiod (8 h:16 h) until seven weeks post-germination. Mean ± SD (n = 6 plants per timepoint, per condition). No significant differences were found between growth conditions at each timepoint using a t-test (P < 0.01). B) Transfection efficiency of Arabidopsis mesophyll protoplasts were determined by fluorescence microscopy comparing two quantities (5 μg and 10 μg) of two sGFP-expressing plasmids under a single CaMV 35S promoter, pHBT-sGFP(S65T)-NOS (GenBank accession number: EF090408) [25] and pGWB406 (GenBank accession number: AB294430) [37] (Figure 2) .
We found that the expression levels of genes matched previous reports, including the higher shoot expression of AtCAX1 and the higher root expression of both AtCAX2 and AtACA2 (Figure 3 , Additional file 3) [26, 27] . We also confirm the calcium concentration-dependent response of AtCAX1 seen in previous reports [19, 20, 28] . Whilst the transcript abundance of AtACA2 has previously been shown to be unchanged with increased Ca [26, 27] , we detected that its expression was increased in both shoot and root tissues in LCS. AtACA2 and AtCAX2 also showed the opposite transcriptional regulation to AtCAX1 by LCS ( Figure 3A,B) . It is conceivable that this may be the result of a greater affinity but lower capacity for Ca ion (Ca 2+ ) transport by AtACA2 than AtCAX1 [29, 30] , so altering the capacity of the vacuole for Ca storage and increasing the role of the ER in this process over the vacuole when Ca is limiting. Likewise, the lower affinity Ca 2+ -transport capacity of AtCAX2 compared to AtCAX1 [29, 30] may also contribute to the lower Ca storage of the vacuole under these conditions [19] [20] [21] . The fact that both genes are preferentially expressed in the mesophyll, adds further evidence to suggest that AtACA2 and AtCAX2 may play a minor role in leaf Ca compartmentation, as this is where the majority of Ca is stored [19] [20] [21] 29] . In addition both genes are 3 ± 0.6 < 6 n.d. : not determined as one or both readings were given as a detection limit (note in all these cases the ranges overlap). Figure 3 Calcium-dependent transcriptional responses of Arabidopsis leaves and roots of hydroponically-grown plants. qPCR performed on RNA isolated from the (A) shoots and (B) roots (above and below the hypocotyls, respectively) of 5-week old Arabidopsis KC464 plants grown under three different Ca activities (a Ca LCS = 0.025mM; a Ca BNS = 1 mM; a Ca HCS = 5 mM) for seven days. n = 9, from three biological replicates per tissue. Mean + SD. Asterisk indicates significant expression difference from BNS (P < 0.01). qPCR performed as described in Conn et al. [19, 20] with primers listed in Additional file 3.
transcriptionally upregulated in the double knockout of two vacuolar CAX genes (cax1/cax3), therefore AtACA2 and AtCAX2 have both been predicted to partially compensate for the loss of the major mechanism to secrete leaf apoplastic Ca [19, 21] . The vacuolar ATPase subunits, AtVHA-a2 and AtVHA-a3, were found to show a similar Ca-dependent transcriptional response as AtCAX1, which is consistent with the T-DNA insertional mutant of these genes showing similar dwarf growth and lower leaf Ca accumulation phenotypes to the cax1/cax3 line [19, 31] . As such, these results validated the use of these solutions in this hydroponics system. ), and when the photoperiod is short (~8-10 h) . Leaves of hydroponically grown Arabidopsis plants are relatively clean, compared to soil grown leaves, hence there is no need to wipe the leaves prior to measurement of gas exchange. This avoids any potential mechanical damage to the leaves or the trichomes, which would affect airflow and the extent of the boundary layer across the leaf, which can influence the results of gas exchange measurements. We used a LiCOR 4600-XT InfraRed Gas Analyser (IRGA), with the whole Arabidopsis chamber or extended reach chamber, to take gas exchange measurements as described in the Figure 4 legend and Additional file 2.
Gas exchange measurement of hydroponically grown plants
To be able to perform these measurements we found it necessary to make all components of the Arabidopsis whole plant chamber airtight -without this, moisture from the hydroponics media compromised the gas exchange measurements. As detailed in Additional file 2, we sealed the plant holding lid into the centrifuge tube lid using teflon air-tight sealing tape. The plant, now held within a centrifuge tube lid, was transferred into an intact centrifuge tube base containing the treatment solution of interest. The centrifuge tube was then sealed into the LiCOR 'cone-tainer' using a 30 mm OD rubber O-ring. This system would allow exclusive measurement of rosette gas exchange for at least 3 h for 6-week old Arabidopsis plants without any detectable reduction in photosynthetic rate during the middle of the photoperiod (Figure 4 ). Gas exchange measurements were adjusted on the basis of the leaf area contained within: i) the extended reach chamber (LiCOR) estimated by taking a scaled photograph and analysis of the percentage of the leaf within the chamber window using ImageJ (National Institute of Health, NIH) as detailed in [19] or, ii) the whole Arabidopsis plant chamber (LiCOR) by estimating the rosette size using a customised code developed in MATLAB W 2010b (Mathworks Inc., Natick, MA, USA) and the Image Analysis Toolbox W to process scaled photographs semiautomatically. Two codes were used, a semi-automated and an automated code. The latter recognises by colour contrast the Arabidopsis rosette to obtain automatically the cover area. The semi-automated code was used in pictures where this contrast was not detected by the automation algorithm. In this case, a tool was developed to select a region of interest (ROI) corresponding to the rosette manually to extract the cover area. See Additional files 4, 5, 6 for further details of the code and method.
The leaf gas exchange measurements were not significantly different for the hydroponics system using either Figure 4 Gas exchange measurements for Arabidopsis Col-0 measured using the LiCOR extended reach chamber or whole plant chamber whilst growing in hydroponics. A Transpiration or B Net CO 2 assimilation/photosynthesis measured using 6-week old plants growing the basal nutrient solution. Individual plants were exposed to light intensity of~350 μmol m -2 s -1 at least 30 min prior to the start of measurement. The rosette was allowed to acclimatise inside the Arabidopsis whole rosette or extended reach chamber for at least 10 min before gas exchange data were recorded with reference CO 2 concentration set at 500 μmol mol -1 , flow rate at 500 μmol s -1 (for the whole plant chamber) or 100 μmol s -1 (for the extended reach chamber) light intensity at 350 μmol photons m -2 s -1
and relative humidity at 56%. Data shown as Mean + SEM of fifteen biological replicates. No significant differences were found between each dataset using a t-test (P < 0.01).
the LiCOR whole Arabidopsis plant chamber or the extended leaf chamber (Figure 4 ). However, it was evident that the whole plant chamber took more consistent readings presumably due to the ability to sum the reading over a larger area and avoiding the need to seal the chamber directly onto the leaf tissue, which can confound results through improper sealing and/or leaf damage. We found that consistent results could be achieved with the extended leaf chamber when leaves were large enough, but the dimensions of the leaf and petiole made the clamping of a large amount of leaf area in the chamber a challenge unless the plant was older than 6 weeks. In contrast plants could be assayed in the whole Arabidopsis chamber from weeks 3-8. It is clear that this system offers potential to be widely used to study leaf gas exchange in a highly controlled manner throughout the majority of Arabidopsis development.
Comments
In our hands
Given the importance of aeration of hydroponics systems for adequate growth [10] , several aeration systems were trialled. The media within the tank was aerated either using a standard 4-outlet aquarium pump that constantly bubbled air through airstones or by using an ebb-and-flow system that pumped media between the tank containing the plants and a solution holding reservoir every 60 min. Both systems produced plants that at least qualitatively resembled each other, however, the former technique was markedly simpler to construct and maintain so it was used for all further studies. Oxygenation levels in the constantly aerated plants were sufficient to avoid increased expression of known hypoxia induced genes, AtWRKY40 and AtNIP2;1 [32, 33] , in contrast, transcription of both genes were induced when the media was non-aerated for 7 days (Additional file 7).
Profiling of transgenic plants
The desire to accelerate the analysis of transgenic Arabidopsis plants has led to the design of a number of rapid approaches for selection of transformants. The method commonly used to select transformed Arabidopsis seedlings is by spreading the seeds on suitable growth media such as soil or agar. Soil is commonly used if the selection marker gene is phosphothrinocin, whereas agar is used if the marker gene is kanamycin or hygromycin. Thereafter, the putative transformants are usually transferred into soil for seed collection. The main problem with this method is the potential damage to the fragile root systems of the selected seedlings, which consequently affects their survival rate. We demonstrate that our hydroponic system can be used as an alternative to soil growth for cultivation of transformants selected on agar plates (using phosphothrinocin, kanamycin or hygromycin) as per Harrison et al. [34] . Over 95% of transformants survived transfer using this method, with the collected seed displaying a high germination rate (Additional file 8). However, the real advantage lies in the ability to reliably analyse mature first generation transformants, particularly for root cellular localisation studies and root phenotypes that are impossible with soil-and agar plate-based selection methods.
Adapting the system for other plants
The improved hydroponic system we highlight here can be easily adapted for use with other plants with changes to the diameter of the hole produced in the lid of the microcentrifuge tube. We made holes of up to 6 mm in diameter (suitable for up to 4-week old cucumber and 6 week old tobacco [35] ), and also grew Lotus spp. seedlings (data not shown). Furthermore, we also adapted the system for use with cereals using the 1.5 mL black microcentrifuge tubes with the bottom 7 mm cut off, this was sufficient to hold the seed, roots and shoots in place and removed the need for agar [36] .
